Abstract: It has been demonstrated that, in the terahertz (THz) waveband, disk scattering slab modes (DSSMs) can exist in a heterostructure composed of a metallic subwavelength disk array coated on one surface of a dielectric slab. By observing the THz reflection spectrum, it is found that DSSMs can exist when the slab is sufficiently thick relative to the THz pulse wavelength. These thick slab modes, namely, disk scattering modes (DSMs), can be seen as degenerated DSSMs. Based on experimental measurements and theoretical analysis via a dipole-scattering model developed here, it is shown that the features of DSMs can be tuned by changing the geometric parameters of the disk array. These results are important for the design of new THz devices, such as THz filters.
Introduction
It has recently been demonstrated that, in the terahertz (THz) waveband, a category of confined modes can be supported by a metal-dielectric heterostructure (MDHS) created by a subwavelength metallic disk array coated on one surface of a dielectric slab [1] . It has been shown that such confined modes originate from the interactions between scattered fields, diffracted waves, and conventional slab modes (including Fabry-Perot (FP) or radiation modes) and are therefore referred to as disk scattering slab modes (DSSMs). An interesting question is naturally raised regarding the effect on the DSSMs if the slab becomes sufficiently thick, relative to the wavelengths of the THz pulses.
As the slab thickness increases, the conventional slab modes make an increasingly weak contribution to the formation of the DSSMs because the dielectric losses will play a more important role. If DSSMs still exist when the slab reaches the necessary thickness, these modes must originate from the interactions between scattered fields and diffracted waves alone, and the conventional slab modes no longer play any role. In this case, these thick slab modes can be seen as degenerated DSSMs. For the sake of simplicity, in what follows, we name these degenerated DSSMs as disk scattering modes (DSMs).
Similar studies had been performed in the optical waveband. Sharp spectral resonances in both transmission and reflection have been observed in various isolated metal nanoscattering structures, including metal disks and gold nanoparticles [2] - [8] . These resonances may occur due to excitation of dipolar localized surface plasmons (DLSPs) [3] . In all of these observations, the conventional slab modes did not play any role in the formation of the observed confined modes.
In the THz waveband, the reflection spectrum has been measured when the THz pulses were incident upon the surface of square arrays of an isolated subwavelength metallic rectangle, with substrates of either silicon (0.64 mm) or fused quartz (1.03 mm) [9] . The reflection features of the THz pulses were attributed to a resonance effect associated with the DLSPs of the isolated rectangles and the interactions of the DLSPs between the adjacent rectangles [9] . As DLSPs cannot be excited by THz waves in metal rectangles or other metal structures (because metal is a perfect conductor for a THz wave), therefore, these reflection features cannot be explained via DLSPs. Although spoof surface plasmons (SSPs) can be sustained by periodically structured metal surfaces for THz waves [10] - [12] , SSPs cannot play any role because SSPs do not exist in isolated metallic structures [12] , [13] .
Our samples are similar to those in [9] . If the meta-surface of a sample is illuminated by a THz beam, the measured reflectance is mainly characterized by DSSMs when the slab thickness is comparable with the THz wavelength, similar to those observed in [1] . As the slab thickness is increased, the reflection spectrum changes with the thickness. However, when the slab is sufficiently thick, the reflection spectrum no longer responds to variations in the thickness. At this time, the DSSMs have degenerated into DSMs for which the spectral feature is somewhat similar to that observed in [9] . Clearly, DSMs should originate from the interaction between the disk scattered fields and the diffracted waves, instead of being due to DLSPs.
In order to reveal the physical origin of DSMs, the reflection spectra of a series of samples are measured as a function of the geometric parameters of the disk arrays. A laconic theory model is developed, based on the dipole-scattering approach [14] , which can describe the main features of DSMs. The distributions of the THz field and energy flow near the meta-surface of the samples are simulated by the well-known finite difference time domain (FDTD) method. All these experimental observations, theoretical calculations, and numerical simulations confirm that DSMs originate from the interaction of scattered fields and diffracted waves. The peaks and dips in the reflectance spectrum can be tuned by adjusting the geometric parameters, allowing DSMs to be controlled by the geometry of the meta-surface. We believe that these results can make important contributions to the design of new THz devices, such as THz filters. Fig. 1 is a schematic diagram of a MDHS. The samples are fabricated using well-developed printed circuit board technique, with a copper disk array printed onto an epoxy glass-cloth laminated (FR4) slab (approximately 2 cm Â 2 cm area). The thickness of the copper disks is approximately 17 m, much smaller than the THz wavelength used. By fixing the reflection spectrum of a golden mirror as the reference, the reflectance of the sample is measured using a standard THz-TDS at normal incidence on the meta-surface. The THz-TDS consists of two dipole-type photoconductive antennae functioning as the THz emitter and detector, respectively, excited by 100-fs laser pulses at 800 nm. In addition, the dielectric permittivity of the FR4 is found to be " ¼ 4:4 þ 0:35i through its transmittance, measured by the THz-TDS.
Experiment
First, the effect of the FR4 thickness, h, on the reflectance is measured, as illustrated in The measured reflection spectrum shows a typical oscillation characteristic. As can been seen, the FP modes supported by the slab dominate the spectral features, which resemble the results in [1] . In other words, a typical DSSM is observed for h ¼ 240 m. When the thickness increases to h ¼ 500 m, the FP modes, which are sensitive to the slab thickness, experience more loss and their intensity decreases. As a result, the FP modes are no longer a dominant factor, but still play an important role. Therefore, a degenerate DSSM is observed, as shown in Fig. 2(b) , which has both FP and disk scattering characteristics. Comparing Fig. 2(b) with Fig. 2(a) , we can clearly see that the FP mode activity decreases as the slab thickness increases. By further increasing the thickness, the influence of the FP modes gradually decreases due to the increase in loss from the FR4 slab. When the slab is sufficiently thick, for example, with a thickness of 770 m, the THz wave transmitted into the slab is almost completely absorbed by the FR4. As a result, excitation of the FP modes becomes increasingly difficult, and thus the profile of the reflection spectrum is far removed from that of a DSSM, as shown in Fig. 2(c) . If the FR4 thickness is increased further, from 770 m to 970 m, the spectrum remains almost unchanged, as shown in Fig. 2(d) , indicating that the final spectrum is dominated by the interaction between the disk-scattered fields and diffracted waves only. In other words, a DSM has been observed. From Fig. 2(a)-(d) , one can clearly see the transition process from a DSSM to a DSM, in response to the increase in slab thickness. 1 . Schematic illustration of a metal-dielectric heterostructure consisting of a 2-D periodic array of metal disks coated on one surface of a FR4 slab. Symbols h, a, and p denote the FR4 thickness, the diameter, and the period of the disk, respectively, while " air and " sub denote the permittivities of air and the FR4 substrate, respectively.
Theory
In order to describe the features of DSMs, a laconic theory model is established using the dipole-scattering approach [14] . For a MDHS with an infinitely thick substrate, under normal incidence the total reflection matrix of the meta-surface can be expressed as
where r a ðt a Þ is the reflection (transmission) matrix of the periodic disk array, and r s represents the reflection matrix of the substrate surface. By taking an approach similar to that in [1] , we can express the reflection coefficients in r a as [1] , [2] , [14] 
where
, is the THz wavelength, is the electric polarizability of the circle disks, and G is a lattice sum representing the collective interaction between dipoles.
For metals in a low-frequency regime, perfect electric conductor approximation leads to a simple analytical expression of the polarizability. By taking a similar approach, but accounting for dynamic depolarization and radiation damping effects (because the disks in our samples have a relatively large diameter), can be written as [1] , [6] , [15] 1
G can be approximated by the following analysis formula in the range
where Cð=pÞ ¼ f35exp½À22ð=pÞ À 1 À 118g is a smooth fit term. The reflection coefficients in r s can be obtained from Fresnel's formula for normal incidence
Finally, upon inspection of the denominator of r, the phase matching condition for DSMs can be expressed as
where q is zero or an integer number, and f R is the resonant frequency of the DSMs.
In the > p range, two resonant frequencies f 1 and f 2 , can be obtained from (6) by setting q ¼ À1 and q ¼ 0, respectively. Using the parameters associated with Fig. 2(d) , we obtain f 1 ¼ 0:29 THz, which corresponds to the first reflectance peak, and f 2 ¼ 0:58 THz, which corresponds to the first reflectance dip. We compare the calculated results for m ¼ 0, AE1, AE2, and find that it is sufficient to consider diffraction beams up to order AE1 only.
Via (6), we can calculate f 1 and f 2 as functions of certain geometric parameters, such as the array's filling fraction F , thus providing an opportunity to validate the theoretical model discussed above against experiment. To do so, the reflectance spectra are measured under different values of F . Fig. 3(a) shows the measured results when the cell gap ðp À aÞ is fixed to 150 m. The reflectance spectra are also numerically simulated using the FDTD method, as shown in Fig. 3(b) . The simulation results exhibit the same trends as compared to the experimental ones, and the slight difference in bandwidth of the resonances may be due to the manufacturing imperfections and the limited spectral resolution of the THz-TDS. Fig. 3(c) shows the F dependence of the measured resonant frequencies f 1 and f 2 , including the curves obtained from the FDTD simulation and the calculation via (6), respectively. It can be seen that both the simulated and calculated results show good agreement with the experimental data. The results above demonstrate that the two resonances are redshifted when F is increased, thus meaning that DSMs are sensitive to the geometry of the disk array, similar to DSSMs [1] . It should be noted that the second peak behind the dip in the spectra falls into the range of > p, so it cannot be described by (6).
Discussion
In order to further understand the physical mechanism of DSMs, the THz energy flow and the field distributions in the samples are numerically simulated using the FDTD method. The distributions of the THz magnetic field, jH y j, in the (y ; z)-plane and the THz energy flow P in the (x ; y )-plane are numerically simulated at the resonant frequencies of f 1 ¼ 0:29 THz and f 2 ¼ 0:58 THz. Fig. 4 shows a specific example with the geometric parameters set to p ¼ 500 m and a ¼ 350 m. The slab thickness, h, is set to infinity. Polarization of the incident THz wave is assumed along the x-axis. We can infer from Fig. 4(a) and (b) that the incident THz wave can excite a type of confined mode in the MDHS. It is clear that the fields of these confined modes are concentrated near the disk array; thus, its spectral position can be influenced by the geometric parameters of the array.
For the f 1 mode, the incident THz wave is diffracted into the substrate by the disks, as shown in Fig. 4(a) , while the THz energy is concentrated the area around the disks in the x-direction, as shown in Fig. 4(c) . As a result, some of the energy can be reflected to contribute to the reflection. So, we can observe a reflectance peak at f 1 . For the f 2 mode, the incident THz wave is diffracted into the air by the disks, as shown in Fig. 4(b) , while most of the energy is concentrated the area between the disks in the y-direction, as shown in Fig. 4(d) . As a result, some of the energy can be transmitted into the substrate and makes little contribution to the reflection. As a result, we can observe a reflectance dip at f 2 .
As shown in Fig. 4 (b) and (d), the diffracted wave of the f 2 mode can travel along the surface of the substrate and hence can interact with many particles. When the frequency of the diffracted mode is close to the frequency of localized plasmon supported by regular arrays of metallic particles in the optical waveband, strong coupling occurs and sharp plasmon resonance is obtained, thus a deep dip is observed in [17] . For our samples, however, no plasmons exist in terahertz waveband and hence no strong coupling occurs in the f 2 mode. Therefore, for the dip observed here, the depth is shallow and the line shape is not sharp.
Conclusion
In conclusion, in the THz waveband, for a heterostructure composed of a subwavelength metallic disk array printed on one surface of a dielectric slab, DSSMs have been found to exist when the slab is sufficiently thick in comparison with the THz wavelength used. Such thick slab DSSMs, namely disk scattering modes, are sensitive to the geometry of the disk arrays, and their resonances are redshifted when the array's filling fraction is increased. Based on these results, new THz applications in spectral control can be expected, such as narrow band filters. 
